Voltammetric detection of biological molecules was carried out using chopped carbon fibers produced from carbon fiber reinforced plastics that are biocompatible and inexpensive. Because chopped carbon fibers normally are covered with a sizing agent, they are difficult to use as an electrode. However, when the surface of a chopped carbon fiber was treated with ethanol and hydrochloric acid, it became conductive. To evaluate the functioning of chopped carbon fibers, voltammetric measurements of [Fe(CN)6] 3-were carried out. Redoxes of FAD, ascorbic acid and NADH as biomolecules were recorded using cyclic voltammetry. The sizing agents used to bundle the fibers were epoxy, polyamide and polyurethane resins. The peak currents were the greatest when using the chopped carbon fibers that were created with epoxy resins. When the electrode response of the chopped carbon fibers was compared with that of a glassy carbon electrode, the peak currents and the reversibility of the electrode reaction were sufficient. Therefore, the chopped carbon fibers will be useful as disposable electrodes for the sensing of biomolecules.
Introduction
Carbon fibers are used in fields such as engineering and medicine, due to their high strength, 1 chemical resistance 2 and heat-resisting properties. 3 In addition, the fibers have conductivity 4 at a high performance level. 5 Based on these characteristics, 6 since the 1960s the development of carbon fiber reinforced plastics (CFRPs) has resulted in the fabrication of excellent materials that are lightweight and strong. 7 The materials produced when fibers are added to plastics also have the property of electromagnetic shielding. 8 To produce functional carbon fibers, one can modify epoxy resin carbon fibers with nickel to obtain gradient materials. 9 Weng et al. developed carbon fibers functionalized with trimellitic anhydride. 10 Carbon fiber ultramicroelectrodes and nanoelectrodes are used as in vivo biosensors because the fibers have high biocompatibility. For the detection of biological molecules, an enzyme sensor made of carbon fiber has been used to measure acetylcholine concentration. 11 An amperometric biosensor of dopamine using carbon fiber with tyrosinase has also been constructed. 12 A carbon fiber microcylinder modified with toluidine blue has been proposed to determine lactate dehydrogenase. 13 Chopped carbon fibers, which are an example of CFRPs, have been used as a reinforcing agent for thermoplastic resin. 14 Abiru et al. reported a glossy material obtained by dispersing chopped carbon fibers in low-loss material. 15 However, it is difficult to use chopped carbon fibers for electrochemical applications, because the fibers are usually covered with a polymer of low conductivity.
In the present study, voltammetric detection of biological molecules was proposed using inexpensive chopped carbon fibers with biocompatibility. When the fiber surface was pretreated with chemicals, the fibers were expected to exhibit conductivity. To evaluate the properties of the fibers, the redox of [Fe(CN)6] 3-was measured using cyclic voltammetry. As objects of biosensing, measurements of flavin adenine dinucleotide, ascorbic acid and nicotinamide adenine dinucleotide were carried out. Because the electrode responses are influenced by the features of the sizing agents, we selected three fibers using different sizing agents: epoxy, polyamide and polyurethane resins. For pretreatment of the fiber surfaces, the fibers were immersed in ethanol and hydrochloric acid. Furthermore, the electrode response of the fiber was compared with that of a glassy carbon electrode. The sensitivities of the electrode responses and the reversibilities of the electrode reactions were evaluated for measurements. Based on the properties and shape of chopped carbon fiber, the fibers can be applied as disposable electrodes. This testing is a preliminary step for the in vivo sensing of biomolecules.
chopped carbon fibers can perform as an electrode, we also used a glassy carbon electrode (3 mm in diameter, Model No. 2012, BAS) as a working electrode. The electrode was polished with 1.0-, 0.3-and 0.05-μm alumina (Baikowski International Corp., Charlotte, NC). An Ag/AgCl (sat. NaCl, Model No. 11-2020, BAS) electrode served as the reference electrode, and a platinum wire was the counter electrode. All potentials were measured against the Ag/AgCl electrode.
Chopped carbon fibers as an electrode
The chopped carbon fibers were supplied from Mitsubishi Rayon Co., Ltd. The chopped carbon fibers were made up of 15000 carbon fibers bundled with a sizing agent. The sizing agents were epoxy, polyamide and polyurethane resins. The weight of the available chopped carbon fibers was 0.0066 g at a length, width and thickness of 6.0, 2.0 and 0.3 mm, respectively. Figure 1 shows a typical SEM image of chopped carbon fiber with epoxy resin. A scanning electron micrograph was obtained using a Keyence VE-7800, at 10 kV. For the cutting plane, a fiber of 7 μm was queued up 285 to form 52 layers based on calculated values ( Fig. 1(A) ). The epoxy resin of 2.5wt% was added to the chopped carbon fibers. The film thickness of the epoxy resin per chopped carbon fiber was about 80 nm. The SEM images of the fibers with epoxy resin were similar after treatment.
To evaluate the performance of chopped carbon fibers as an electrode, we used a plate material evaluating cell (Model No. 11951, BAS). When the chopped carbon fiber was mounted on the measurement cell, an electrode surface was set parallel to the direction of the long axis ( Fig. 1(B) ). First, each piece of chopped fiber was divided with tweezers and weighed. Next, the piece was mounted using an O-ring on a glass plate with copper foil shielding tape (Fig. 2) . Then, the plate was sandwiched between two Teflon blocks. The terminal of the tape was connected to an analyzer using an available crocodile clip.
Reagents
Potassium hexacyanoferrate(III), catechol, flavin adenine dinucleotide, ascorbic acid and nicotinamide adenine dinucleotide were obtained from Wako Pure Industries. Hexaammineruthenium(III) chloride was supplied from Sigma-Aldrich. A phosphate buffer (0.1 M) of KH2PO4 (0.1 M) and NaOH (0.1 M) was used. The pH of the solution used for the electrochemical measurement was 5.6. The supporting electrolyte was deaerated using high-quality nitrogen. All reagents used were of analytical reagent grade.
Procedure
Because the chopped fibers were coated with a sizing agent, the fiber surface was immersed for 5 min in ethanol and then treated for another 5 min with 0.1 M hydrochloric acid. After 1.0 ml of 0.1 M phosphate buffer (pH 5.6) was added to the cavity of the cell, a Pt counter electrode and a reference electrode were set onto the cell cap. Measurements were carried out in the solution containing 5 × 10 -4 M analyte using cyclic voltammetry (scan rate, 5 mV s -1 ). Fig. 3(A) . The fiber electrode was mounted on a glass plate, and the plate was wedged between Teflon blocks. After the fibers (1.0 mg) with epoxy were treated with ethanol and 0.1 M 3-was 4.5% (n = 5). By contrast, the peak potentials using a glassy carbon electrode were 0.25 and 0.15 V, respectively (Fig. 3(B) ). The reversibility of the electrode reaction of the fibers was equivalent to that of the glassy carbon electrode. On the question of sensitivity to [Fe(CN)6] 3-, the peak currents obtained by the chopped carbon fibers were sufficient.
Results and Discussion
On the other hand, a redox of hexaammineruthenium(III) ion that has a weak interaction with the carbon surface was measured in 0.1 M phosphate buffer (pH 5.6). 16 As a result, the reversibility of the electrode reaction was insufficient, although sensitive measurements were achieved. For catechol with a heterogeneous electron transfer that is strongly dependent on electrocatalysis, the electrode response of catechol was similar to that of [Fe(CN)6] 3-. Consequently, the chopped carbon fibers could be used as disposable electrodes. Furthermore, the fibers were inexpensive, and the measurements were accomplished with no need for polishing of the electrode surface, which made the process convenient and rapid.
Electrode surface area of chopped carbon fibers
This feature of the chopped carbon fibers allowed convenient division of the fibers using tweezers. Because the surface area depended on the weight of the piece, the pieces of fibers were prepared in a range between 0.0003 and 0.0066 g. That is, the surface area of the fiber varied from 0.006 to 0.032 cm 2 . The relationships between the oxidation peaks of [Fe(CN)6] 3-and the surface area of the fibers are shown in Fig. 4 . The inactive surface area of the fibers that had direct contact with the glass plate did not contribute to the surface area of the electrode. As a result, the peak currents were linear to the surface area of the fibers. The peak currents were also directly proportional to the square root of the scan rate between 5 and 100 mV s -1 . The cutting plane of the fibers has a porous quality. However, it was clear that the total surface area was a factor in the electrode response to [Fe(CN)6] 3-. The peak current of the fibers with a surface area of 0.010 cm 2 was similar to that of the glassy . The surface area may have been greater than the calculated area because the bundled fibers have interspaces. Background currents of the chopped carbon fibers were also larger than those of a glassy carbon electrode. The background current was lower when the surface area of the fibers was smaller. Considering the convenience in the handling of the fibers and the reproducibility of the measurements, we decided that a surface of 0.010 cm 2 was suitable for voltammetric measurements.
The effect of the sizing agent on the peak currents of [Fe(CN)6]

3-
The chopped carbon fibers were bundled with a sizing agent of low conductivity. Therefore, pretreatments using chemicals were needed to get peak performance from the fibers when used as an electrode. Three types of sizing agents were examined to detect [Fe(CN)6] 3-in 0.1 M phosphate buffer (pH 5.6): epoxy, polyamide and polyurethane. The effects of pretreatment are shown in Fig. 5 . The peak currents using untreated chopped carbon fibers were barely noticeable in solution. The fibers were immersed in ethanol for 5 min, followed by rinsing for 5 min with 0.1 M HCl. An electrode response of [Fe(CN)6] 3-was observed, due to the increase of the active area by using pretreatment to remove the resinoid and the impurities of the surface. When using fibers with epoxy, the peak currents were greater than when other sizing agents were used. The polyamide fibers were partially activated by the treatment, but the procedure proved insufficient for the polyurethane fibers. The peak current of the pretreatment with ethanol was 2/3 that of the activation mentioned above. On the other hand, the peak current of the fibers using only an immersion of hydrochloric acid was 1/3 that of the fibers using the full pretreatment. This was because the sizing agents on the fiber surfaces dissolved in the chemicals in differing degrees.
When the fibers were immersed in 0.1 M HNO3 or 0.1 M H2SO4 after the pretreatment with ethanol, the redox of [Fe(CN)6] 3-proceeded when the fibers with epoxy were used. However, the reversibility of the electrode reaction using the fibers pretreated with these chemicals was lower than when only 0.1 HCl was used. Our conclusion was that the phenomenon was due to the oxidation of the fiber surface. In particular, pretreatment with HNO3 increased the background current. Furthermore, a fresh surface of fibers with a thickness of 0.3 mm was formed by the use of double-stick tape. When this surface was used as the electrode, no peaks were observed without pretreatment. As a result, it was apparent that the sizing agents were partially absorbed into the fiber. Thus, the surface of the fiber was activated by ethanol and hydrochloric acid. The pretreatment of the fibers was essential in order to obtain stable electrode responses from [Fe(CN)6] 3-.
Electrode responses of ascorbic acid
To investigate whether chopped carbon fibers have the potential to be electrodes, we carried out voltammetric measurements of a biomolecule using the fibers. Although ascorbic acid depends on the interface state of a carbon such as [Fe(CN)6] 3-, the electron transfer occurs without adsorption on the carbon surface. 17 When reducing ascorbic acid was measured by the epoxy fibers, a well-defined oxidation peak was observed at 0.45 V (Fig. 6) . The peak potential of ascorbic acid using the fibers was very near the 0.40 V that was recorded using the glassy carbon electrode. Judging from the shape and the peak potential of the oxidation peak, the sensing of ascorbic acid was achieved by the fibers. This attempt was considered to be a preliminary step for sensing biomolecules in vivo.
Voltammograms of FAD and NADH using chopped carbon fibers
An electrode using chopped carbon fibers was applied to the detection of other biomolecules. FAD becomes a redox cofactor of the metabolic reaction network. In addition, it is a model of electroactive biomolecules that can catalyze electron transfer due to a covalent chemisorption bond between the carbon surface and the species. 18 When voltammetric measurements were carried out in 0.1 M phosphate buffer (pH 5.6), an anodic peak potential at -0.25 V and a cathodic peak potential at -0.35 V were observed (Fig. 7(A) ). For measurements using a glassy carbon electrode, the peak potentials were -0.33 and -0.40 V, respectively (Fig. 7(B) ). The reversibility of the electrode reaction of the fibers was equivalent to that of the glassy carbon electrode.
Nicotinamide adenine dinucleotide, which is a redox mediator of archaebacteria, eubacteria and eukaryote, also was measured using the fibers (results not shown). The feature of NADH is that the electron transfer is catalyzed by adsorption of the species to the carbon surface. 19 The voltammograms of NADH were similar to those of ascorbic acid, and the oxidation peak potential at 0.65 V was the same as that measured using the glassy carbon electrode. Because the fibers contribute to the scaffold formation of a cell, the measurements of NADH have important implications. These results show that chopped carbon fibers can be developed into electrodes with a high biocompatibility.
Conclusions
In the present study, voltammetric measurements of [Fe(CN)6] 3-were carried out using chopped carbon fibers treated with ethanol and hydrochloric acid. In addition, redox responses of ascorbic acid, NADH and FAD were obtained. When the effect of sizing agents on the peak currents was investigated, the epoxy resin proved to be the most suitable of the three sizing agents for the sensing of biomolecules. On the other hand, the peak currents of fibers were compared with that of a glassy carbon electrode. Based on the results, it was clear that the biomolecules could be detected with sufficient sensitivity. Consequently, chopped carbon fibers could be developed as inexpensive, disposable electrodes.
